A subset of sickle cells have an increased density at the reticulocyte stage of development, indicating that they are either abnormally dense upon release from the bone marrow or become dense quickly in the circulation. These cells are of interest because they most likely have severely disrupted cation regulation and a short lifespan. Based on the distribution of fetal hemoglobin (HbF) in the density fractions of sickle red blood cells (RBCs) and in vitro studies of cellular K+ loss, it seems likely that HbF content is an important in vivo determinant of dense cell formation. In this study, we tested the hypothesis that young, dense cells have low HbF content. Sickle RBCs were first separated into light and dense fractions. Reticulocytes were isolated from unfractionated cells and from each density fraction with an immunomagnetic technique directed against transferrin receptors VARIABLE FRACTION of sickle red blood cells (RBCs) are markedly dehydrated, with increased cellular hemoglobin (Hb) concentration and density. These cells exhibit a wide range of magnified membrane and cytoplasmic abnormalities,' and appear to contribute to both the hemolytic and vasocclusive features of sickle cell di~ease.'.~ Cellular dehydration is a consequence of K+ depletion, which is only partially compensated by increased Na+. The mechanism of in vivo K+ loss remains unknown, and at least three different transport systems are considered possible mediators4: (1) the deoxygenation-induced transport pathway mediating passive fluxes of Na+, K+, and Ca2+; (2) the Ca2+-dependent K+ channel, which may be activated by deoxygenation-induced Ca" influx; and (3) the KC1 cotransport system.
The presence of reticulocytes among the dense RBCs' indicates that at least some cells become dense while very young. This was shown directly by Bertles and Milner? who reinfused 75Se-labeled reticulocytes and found a linear increase in the specific activity of Hb in the dense cells during the first 4 postinfusion days. More recently, Bookchin et ai5 showed that a subset of fetal Hb (HbF)-poor, reticulocyte-rich, low-density sickle RBCs became dense in vitro when subjected to deoxygenation in the presence of calcium. Similarly, HbF-poor cells from both the reticulocyte and discocyte fractions became dense when subjected to the acidified conditions that activate the KC1 cotransport ~y s t e m .~ Fabry et al' also showed a subset of sickle cells that became dense rapidly in vitro under conditions that activate KC1 cotransport. Compared with cells that did not become dense, these cells had low HbF levels. However, this correlation could be explained by the longer survival of HbF-containing cells, because KC1 cotransport activity normally declines with cell age.
In When compared with the average blood value, HbF levels are lower in the light, reticulocyte-rich fraction, lower in the dense cells, and higher in the intermediate Therefore, the density pattern of circulating F cells and the lower HbF content of dense cells formed in vitro are consistent with longer survival of F cells through a mechanism that includes rapid dehydration of cells that do not contain HbF.
The age heterogeneity that is present in each density fraction, and the resulting range of age-dependent properties such as cation transport and HbF content, has been a major impediment to understanding dense cell formation. To study cells that are both density-and age-defined, we have quantitated and isolated transferrin receptor-positive (TfR') cells from each density fraction. TfRs have been shown on bone marrow erythroid precursors at all stages of differentiation" and are normally shed during the reticulocyte stage.'' Thus, TfR are present on some, but not all, reticulocytes, and TfR' cells are thought to represent a very young, age-defined population. Brun et all2 have used an immunomagnetic technique directed against TfR to isolate normal reticulocytes from RBCS.
In this study, we tested the hypothesis that cells that do not contain HbF are more likely to become dense while very young. Sickle RBCs were first separated into density fractions. Next, TfR' cells were isolated from each density fraction for quantitation of HbF. Our findings suggest that lack of HbF is a necessary condition for the genesis of very young, dense sickle RBCs.
MATERIALS AND METHODS

Patient samples.
Heparinized blood was obtained with informed consent from patients known to be homozygous SS based on cellulose acetate and citrate agar Hb electrophoresis and DNA genotyping. Patients had not been transfused for at least 3 months (except as noted) and were not studied during periods of painful crisis.
Reticulocyte counts, Reticulocytes were visualized by incubating an equal volume of methylene blue stain for 20 minutes with either blood or washed cells resuspended in autologous plasma. At least 1,000 cells were counted in dried films. A reticulocyte was defined as a cell with multiple stained areas forming linear structures that were randomly placed and oriented. Excluded from this classification are those cells with many fine, dust-like stained particles and those cells with larger stained particles associated with the membrane. Once cells were attached to magnetic beads through a biotinstreptavidin link, the presence of plasma caused the cells to lyse.I3 Therefore, bead-cell aggregates were suspended in 2.7 g/dL bovine serum albumin (BSA) in phosphate-buffered saline (PBS) for reticulocyte visualization.
Fractionation of light and heavy cells. Density fractionation was performed on the same day the blood was drawn. After centrifugation (5 minutes at 4°C and 750g), the buffy coat was carefully removed with minimal RBC loss, and the RBCs were washed three times in cold PBS and resuspended to 40% hematocrit.
An arabinogalactan (Sigma A2012; Sigma, St Louis, MO) stock solution of known density was prepared by the method of Corash et all4 as modified by Clark et aliquotted, and frozen at -20°C. An aliquot was thawed for each experiment and diluted with PBS (IO mmoVL sodium phosphate, balance sodium chloride, 285 ? 5 mOsm/kg, pH 7.4) to give a density of 1.092 g/mL. Fifty microliters of the 40% cell suspension was layered onto 350 pL of 1.092 arabinogalactan in 8 X 20 mm tubes (Beckman no. 345843; Beckman, Palo Alto, CA) and spun in a microultracentrifuge (Airfuge; Beckman) at 20 psig (approximately 100,000g) for 15 minutes at room temperature.
Light (< 1.092) and heavy (> 1.092) cells were pooled from up to 12 tubes, placed on ice, and washed three times with cold PBS. Heavy cells were washed two additional times in cold PBS and resuspended to 300 pL. These cells underwent a second identical density fractionation to remove the small number of trapped light cells, which were added to the light cells from the first density fractionation. A third ultracentrifugation was performed with small volumes of cells from each fraction to verify the separation. The light and heavy fractions were suspended to the same volume and an Hb sample was taken from each to determine the percentage of heavy cells. Previous studies in our laboratory indicate that the mean corpuscular Hb concentration (MCHC) of these dense sickle cells is greater than 35.8 g/dL16 and that less than 10% of AA cells have
Heavy, light, and unfractionated RBCs were resuspended in autologous plasma and kept overnight at 4°C.
Quantitation and isolation of TfR+ cells.
The following day, each cell sample was washed three times with PBS and pelleted. To each cell pellet, 0.5 mL of a 10:l dilution of mouse monoclonal antihuman TW antibody (M0734; Dako, Copenhagen, Denmark) in PBS was added. In some experiments, an additional aliquot of unfractionated cells was also incubated with an isotypic mouse IgG control. Samples were incubated for 60 minutes at room temperature with constant gentle mixing, washed three times with PBS, and repelleted. To each cell pellet, 1.0 mL of a 200:l dilution of biotinylated antimouse IgG (Vector Laboratories, Burlingame, CA; diluted with PBS containing 1.2% horse serum) was added. After 30 minutes at room temperature with constant gentle mixing, the cells were washed three times in PBS and resuspended to 10% hematocrit.
Four microliters of the 10% RBC suspension was diluted to 40 pL with PBS and mixed with 10 pL of a 2 0 1 dilution of streptavidin:Rphycoerythrin (SA-PE; 1 mg/mL; Molecular Probes, Eugene, OR).
Incubation was performed for 30 minutes at room temperature, followed by two washes with 300 pL of PBS and resuspension in 200 pL of PBS. The cells were fixed by the addition of 800 pL of paraformaldehyde fixative" and the percentage of TfR' cells was determined in each cell sample by flow cytometry (Coulter EPICS C; Coulter, Hialeah, K), with the cursor placed on the channel giving 0.5% in a negative control sample without anti-TW. Samples in which anti-TfR was replaced with an isotypic control were identical to the negative control.
To isolate TfR+ cells, RBCs in each density fraction were gently mixed for 60 minutes at room temperature with streptavidin-coated magnetic beads (Dynal no. 112.05; Dynal, Great Neck, NY) in PBS containing 1 mg/mL BSA under the following conditions: 5 pL of TfRf cells; 2 beads per TfR' cell; 25 p L total RBCs/mL.
After incubation, samples were brought to a volume of 4 mL with PBS and placed on the magnet (Dynal MPC-I). Adherent TfR' RBCs were washed two additional times in 4 mL of PBS using successive magnet applications and frozen for subsequent determination of HbF and K+/Hb ratio.
Quantitation of HbF by high-performance liquid chromatography (HPLC).
The percentage of HbF in lysates of each density fraction and in the isolated TfR' cells from each fraction was determined by cationic HPLC,I9 using a Synchropak CM-300 column with the eluate monitored at 415 nm. Less than 1 pL of cells is required for this assay. After thawing, several volumes of water were added to the cell fractions and bead-cell aggregates, and another freezehaw cycle was performed to assure complete lysis. The beads and attached membranes were removed by centrifugation and the hemolysate was filtered before HPLC sample injection.
Determination of K+/Hb ratio. After lysis, samples were diluted appropriately and Hb was measured optically at 421 nm. Potassium was subsequently measured by flame emission on an atomic absorption spectrophotometer (Model 3030; Perkin Elmer, Norwalk, CT) using commercial potassium standards (Sigma). Potassium measurements were normalized to sample Hb to give millimoles per kilogram of Hb.
Comparison of Ma-and K-based density fractionation. As described above, the prefractionation washes and the density fractionation in this study were performed using Na-containing buffers. Sorette et al" have shown for normal reticulocytes that substitution of K for Na during stractan density fractionation results in a higher percentage of reticulocytes in the lightest layers of a 10-fraction gradient. This raises the possibility that some of the dense TW' cells studied here could have formed in vitro. Therefore, separate experiments were performed to compare Na-and K-based procedures in which both the prefractionation wash buffers and the stractan media were matched except for monovalent cation composition. Monovalent cations in the stractan isolation medium ( p = 1.092) were determined by atomic absorption, yielding a value for Na/(Na + K) of 0.89 in the Na-based medium and 0.07 in the K-based medium. In the prefractionation wash buffer, the corresponding ratios were 0.97 and 0.03. A single microultracentrifugal density fractionation was performed as described above for each medium, and the distributions of RBCs Table 1 , there was no significant difference between the two media with respect to the percentage of total RBCs or TfR' cells present in the heavy fraction. These results indicate that the more physiologic high-Na medium is appropriate for these studies. Figure 1 shows typical flow cytometric histograms, before and after the immunomagnetic isolation procedure, of unfractionated, light, and dense sickle RBCs developed with SA-PE as described in Materials and Methods. Table 2 shows the percentage of reticulocytes and the percentage of TW' cells (before the immunomagnetic isolation procedure) in the unfractionated RBCs, the light fraction, and the dense fraction for 9 patients with sickle cell disease. Because the RBCs were separated into only two fractions with most of the cells in the light fraction, the light cells had only moderately elevated reticulocyte counts when compared with the unfractionated cells. The rigorously isolated dense cells contained a significant number of reticulocytes. Morphologically, the dense reticulocytes were heterogeneous, with some surprisingly large and containing a generous amount of reticulum. In the light fraction, the number of TfR+ cells was about onehalf the number of reticulocytes, but in the dense fraction this ratio was significantly higher, reaching values greater than 1 in some patients. In general, a higher TfR+/reticulocyte ratio indicates a less mature population of reticulocytes because TW is shed during reticulocyte maturation. However, it is also possible that the presence of HbS, either through polymerization or some other mechanism, may interfere with and delay the complex series of events" associated with normal shedding of TfR, resulting in a higher TfR/reticulo-2015 cyte ratio. It should be noted that the TfR+/reticulocyte ratio in Table 2 was measured before magnetic bead isolation and includes cells with a relatively small number of TfR that are not recovered with the beads (see below).
RESULTS
Two patients were studied in the untransfused state and after transfusion. Patient HR had 42% dense cells in two experiments before transfusion and 35% dense cells 3 weeks after transfusion of 2 U of packed RBCs. However, because at the time of analysis 16% of the hemoglobin was HbA, and because essentially none of these normal cells was dense (see below), the percentage of dense SS cells remained constant ([35/84] X 100 = 42%) posttransfusion. Patient VB had 50% dense cells in the untransfused state, and 35% after transfusion, corrected to 43% ([35/82] X 100). Table 1 shows that in both patients the reticulocyte count was much lower after transfusion and that the posttransfusion TfR+/reticulocyte ratio appeared to be higher in the unfractionated cells even though it is expected that the reticulocytes would be released at a more mature level. In the light cell fraction, there was a large decrease in the percentage of reticulocytes after transfusion, but little or no change in the relative number of TfR+ cells. Neither patient had a change in the percentage of TfR+ cells in the dense fraction. Therefore, decreased erythropoiesis had little effect on the number of TfR', presumably very young, dense cells. In fact, after transfusion, dense reticulocytes and TfR+ cells were a higher percentage of the total number of reticulocytes and TfR' cells.
Microscopic examination of the bead-cell aggregates from each density fraction after staining with methylene blue indicated that the TfR-based immunomagnetic procedure isolated an essentially pure population of reticulocytes (Fig 2) . In some patients, occasional cells were observed in the dense fraction in which no reticulum could be identified. Comparison of the TfR histograms for all the cells before the addition of streptavidin-coated magnetic beads and the nonadherent cells after the procedure was completed showed that not all TfR+ cells were isolated, with cells having higher TfR density more likely to form aggregates with the beads (Fig 1) . Figure 3 shows representative HPLC tracings for all the cells in each density fraction and for the corresponding TfR+ cells. Table 3 is a summary of the HPLC data for 4 patients. These results indicate that TfR+ cells, representing cells recently released from the marrow, have a much lower HbF content when compared with all circulating RBCs. This HbF enrichment in circulating cells must be due, at least in part, to a longer life span for F cells. For the 4 patients in the untransfused state, the enrichment ratio, calculated as (%HbF in all unfractionated/%HbF in TfR' unfractionated), ranged from 2.3 to 6.2. This confirms a similar observation based on the number of F reticulocytes and F cells' and extends the results to the presumably very young TfR' cells. It is also readily apparent that HbF levels in the light TfR' cells are higher than those in the dense fractions in all the samples tested (Table 3) . Of great interest is the extremely low level of HbF in the dense TfR' cells even when the unfractionated TfR+ cells have relatively high HbF (see patient DP).
Both the density and TfR isolation procedures were very effective. This is shown by the study performed 3 weeks after transfusion in patient HR, when there was 16% HbA present (Fig 3) . The light cells contained more than five times as much HbA as the dense cells, indicating that the normal cells, which should be predominantly in the light fraction under these conditions, were not trapped with the dense cells. Examination of the HPLC tracings for the TfR' cells from unfractionated, light, and dense cells shows the absence of HbA. Analysis of the posttransfusion HPLC pattern for patient VB yields a similar result. Because only SS cells could be TfR' at this time, this is the expected result and shows the absence of AA RBCs and presumably other TW-RBCs trapped with the TfR' cells. The absence of mature cells in the stained cell-bead aggregates confirms the lack of trapping or nonspecific binding of TfR-cells. Table 4 shows the K+/Hb ratio for age-and density-defined cells from patients HR and VB. For patient HR, values are given for two samples during steady state and one sample 3 weeks after transfusion. The light cells have higher K' contents than dense cells, as expected, and in general the TfR+ cells in a given density population have K+ content similar to other cells in that population. In particular, the dense TfR' cells exhibit K+ levels as low as other cells in that density fraction. This indicates that the high cell density of these TfR+ cells is a consequence of K+ depletion and dehydration, rather than of some other cellular property.
DISCUSSION
In the studies reported here, light and dense TfR' sickle cells were isolated to determine the HbF content of cells that were well-defined for both age and density. Young cells were defined as those with sufficient TfR density to allow isolation by the immunomagnetic bead method. It has been shown in several specie^,^"^^ including humans," that the With the methods used here, it is not possible to distinguish between TfR' cells that became dense in the circulation and TfR+ cells that were dense when released from the marrow. However, the data from the study by Bertles and Milner6 indicate that there are cells that become dense in the circulation within the required time. There is also the possibility that some cells become dense after release from the marrow but are removed so quickly that they are not present in the circulation. Some information concerning this issue can be obtained from studies performed in the late 1 9 6 0~~~~~~ in which simultaneous measures of total heme catabolism (by endogenous carbon monoxide production) and circulating RBC heme catabolism (by "Cr survival) were measured in patients with sickle cell disease. In these studies, there was no evidence for a significant proportion of sickle cells that were removed so quickly that they were excluded from the "Cr data. Therefore, it appears that dense cell formation can be adequately studied in peripheral blood.
The TfR+ cells isolated from the entire RBC population before density fractionation contained much less HbF than the average circulating RBCs, indicating enrichment of F cells. This enrichment is presumably caused by a longer life span and is consistent with results derived from counting F cells and F reticulocyte^.^ The enrichment ratio for TfR' cells in this small series tends to be higher than derived from F reticulocytes. If confirmed in a larger patient group, this would reflect the younger age of TfR+ cells when compared with all reticulocytes and implies the removal of non-F cells at the late reticulocyte stage. Given this significant postsynthesis modulation of circulating HbF, it may be more appropriate to correlate other variables (eg, haplotype) with ychain synthesis in TfR+ cells rather than with blood HbF or even total reticulocyte y-chain synthesis. In this way, a correlation will be less obscured by the early removal of a selected subpopulation.
Dense TfR+ cells exhibited extremely low HbF content, even in a patient (DP) with very high average blood HbF levels. This lack of HbF in the dense TfR+ cells indicates This suggests the existence of a slower dehydration process, which could indicate either multiple mechanisms of dehydration or heterogeneity in the activity of the same mechanism. It should be emphasized that steady-state studies such as this provide only limited information about the rates at which F and non-F cells enter and leave the dense compartment. Future studies should be directed at estimating these rates to understand more clearly the cellular kinetics of sickle cell disease and the influence of HbF. This will be particularly important in evaluating and optimizing therapeutic strategies to augment HbF production by pharmacologic agents such as hydroxyurea and butyrate.
